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The DNA polymerase δ (POL3/CDC2) allele pol3-t of Saccharomyces cerevisiae has previously been shown to be sensitive to
methylmethanesulfonate (MMS) and has been proposed to be involved in base excision repair. Our results, however, show that the
pol3-t mutation is synergistic for MMS sensitivity with MAG1, a known base excision repair gene, but it is epistatic with rad50Δ,
suggesting that POL3 may be involved not only in base excision repair but also in a RAD50 dependent function. We further
studied the interaction of pol3-t with rad50Δ by examining their effect on spontaneous, MMS-, UV-, and ionizing radiation-
induced intrachromosomal recombination. We found that rad50Δ completely abolishes the elevated spontaneous frequency of
intrachromosomal recombination in the pol3-t mutant and significantly decreases UV- andMMS- induced recombination in both
POL3 and pol3-t strains. Interestingly, rad50Δ had no effect on γ-ray-induced recombination in both backgrounds between 0 and
50Gy. Finally, the deletion of RAD50 had no effect on the elevated frequency of homologous integration conferred by the pol3-t
mutation. RAD50 is possibly involved in resolution of replication forks that are stalled by mutagen-induced external DNA damage,
or internal DNA damage produced by growing the pol3-t mutant at the restrictive temperature.
Copyright © 2009 Alvaro Galli et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
1. Introduction
The POL3/CDC2 gene of Saccharomyces cerevisiae encodes
the catalytic subunit of the DNA polymerase δ. The coding
sequence includes a catalytic domain, a nucleotide binding
domain, and an exonuclease proofreading site [1]. Polδ
together with Polα and Polε performs essential functions
required for DNA replication. Polα has a primase activity
and is involved in initiation of both the leading and lagging
strands [2]. Both Polδ and Polε can extend the primers
formed by Polα [3, 4] and are proposed to be involved in
nucleotide excision repair [5] and base excision repair [6, 7].
In addition, the DNA polymerase δ exonuclease is involved in
postreplication repair [8, 9]. Several mutations of POL3 have
been characterized. Yeast strains lacking the proofreading
exonuclease activity of the polymerase have a strong mutator
phenotype [1]. The pol3-t mutation is located near the
catalytic domain outside the exonuclease domain in a region
probably involved in nucleotide binding [1]. The pol3-t
mutant allele, initially isolated as tex1 mutant because it
increased the rate of excision of a bacterial transposon
within the yeast LYS2 gene, also enhances intrachromosomal
deletion recombination between short repeats of several base
pairs separated by long inverted repeats [10]. The molecular
analysis of the transposon excision events indicates that
DNA replication slippage is most likely responsible for these
excision events [11, 12]. Furthermore, the frequency of
deletions between distant short repeats within LYS2 or the
CAN1 gene is also increased many fold [11]. Finally, it has
been shown that the same mutator phenotype as observed
in the pol3-t mutation exists after repression of the POL3
gene, indicating that the mutator phenotype may be due to
low levels of POL3 rather than to faulty effects of the POL3
mutant proteins [1].
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Table 1: Saccharomyces cerevisiae strains.
Name
Parent
strain
Genotype Source
RSY6 MATa ura3-52 leu2-3,112 trp5-27 ade2-40 ilv1-92 arg4-3 his3 Δ5
′
-pRS6-his3 Δ3
′
[13]
YR50-1 RSY6 MATa ura3-52 leu2-3,112 trp5-27 ade2-40 ilv1-92 arg4-3 his3Δ5
′
-pRS6-his3Δ3
′
, rad50::hisG
Schiestl
collection
AGY30 RSY6 MATa ura3-52 leu2-3,112 trp5-27 ade2-40 ilv1-92 arg4-3 his3Δ5
′
-pRS6-his3Δ3
′
pol3-t [14]
YMG1 RSY6 MATa ura3-52 leu2-3,112 trp5-27 ade2-40 ilv1-92 arg4-3 his3Δ5
′
-pRS6-his3Δ3
′
,MAG1::hisG
Schiestl
collection
AGY40 YMG1
MATa ura3-52 leu2-3,112 trp5-27 ade2-40 ilv1-92 arg4-3 his3Δ5
′
-pRS6-his3Δ3
′
,MAG1::hisG,
pol3-t
This study
AGY34 YR50-1
MATa ura3-52 leu2-3,112 trp5-27 ade2-40 ilv1-92 arg4-3 his3Δ5
′
-pRS6-his3Δ3
′
pol3-t,
rad50::hisG
This study
RSY12 MATa leu2-3,112 his3-11,15 URA3::HIS3 [15]
YR50-12 RSY12 MATa leu2-3,112 his3-11,15 URA3::HIS3, rad50::LEU2 [16]
AGY38 RSY12 MATa leu2-3,112 his3-11,15 URA3::HIS3,pol3-t [17]
AGY39
YR50-
12
MATa leu2-3,112 his3-11,15 URA3::HIS3-pol3-t, rad50::LEU2 This study
RAD50 is involved in DNA double strand break repair
by nonhomologous end joining and homologous recombi-
nation such as sister chromatid recombination and double
strand break (DSB) processing. RAD50 together with XRS2
and MRE11 is part of the MRX complex which localizes
to DSBs [18, 19]. Whereas wild type cells are much more
radiation-sensitive in G1 (1.5% survival at 150Gy) compared
to G2 (70% survival), mre11 mutant cells show about
the same survival rate in both phases (0.6% versus 1%),
indicating preferential MRX-mediated repair when sister
chromatids are present in G2 [20]. In addition, radiation-
induced sister chromatid recombination is reduced in
the mre11/rad50/xrs2 mutants [20]. The repair of stalled
replication forks may involve recombination [21, 22]. The
gene products 46/47 of the bacteriophage T4, homologs
of Mre11/Rad50, are required for recombination-induced
replication [23–25]. Recombination-induced replication also
may be involved in DSB repair during G2 by synthesis
dependent strand annealing [26], possibly explaining the
MRX-mediated preferential repair in G2 cells [20].
Several mutants with elevated spontaneous intrachro-
mosomal recombination frequencies have been isolated in
Saccharomyces cerevisiae [27, 28]. Among them, a mutant
allele of CDC2/POL3, which encodes the catalytic subunit of
the DNA polymerase δ, increases deletion events [27]. Intra-
chromosomal deletion events between duplicated sequences
may occur by several mechanisms such as intrachro-
matid exchange, single-strand annealing, one-sided invasion,
unequal sister chromatid exchange or, sister chromatid
conversion [13, 29–31]. We have previously shown that the
pol3-t allele increases such intrachromosomal recombina-
tion events [14]. This hyperrecombination phenotype is
partially dependent of RAD1 and RAD52 because the pol3-
t mutation still enhances intrachromosomal recombination
in the rad1rad52 double mutant [14]. This suggests that
the hyperrecombination phenotype may depend on DNA
genes other than RAD52 or RAD1. Here, we report a further
characterization of the pol3-t mutant. We investigated the
effect of the RAD50 gene involved in DSB repair [18], on
the pol3-t phenotype bymeasuringmethyl methanesulfonate
(MMS) sensitivity, the spontaneous as well as MMS-, UV-
, and γ-ray-induced intrachromosomal recombination and,
finally, the effect on homologous integration.
2. Materials andMethods
2.1. Media, Genetic, and Molecular Techniques. Complete
media (YPAD), synthetic complete (SC), and drop-out (SD)
media were prepared according to standard procedures.
Magic Column (Promega, Madison, WI) was used for
preparation of small-scale DNA. Yeast transformation was
performed using the procedure described in 1995 [32].
2.2. Yeast Strains. The names and the genotypes of the
strains used are listed in Table 1. Because pol3-t confers
a temperature sensitive phenotype, all pol3-t strains were
grown at 25◦C [10]. Strains AGY34, AGY38, AGY39, and
AGY40 were constructed by introducing the pol3-t mutation
into strains YR50-1, RSY12, YR50-12, and YMG1, respec-
tively. This was done by transformation of the cells with
plasmid p171 (a gift fromMichael Resnick, National Institute
of Environmental Health Sciences, Research Triangle Park,
NC), which contains a 2.2-kb EcoRV-HindIII fragment
containing the pol3-t allele [15]. The cells were transformed
with HpaI-linearized p171. Temperature-sensitive Ura+
colonies that contained the full-length pol3-t allele and a
truncated POL3 allele flanking theURA3 gene were isolated. 1
Ura− temperature-sensitive strains carrying the pol3-t allele
were selected after selection on medium containing 5-FOA
[33].
2.3. Methyl Methanesulfonate (MMS) Survival Assay. Single
colonies of strain RSY6 and its derivatives mag1Δ, rad50Δ,
pol3t, mag1Δpol3t and rad50Δ pol3t were inoculated into
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YPAD at 25◦ for 24 hours. Thereafter, cells were washed,
resuspended in 5mL of fresh YAPD at the concentration of
3×106 cells/mL and exposed toMMS for 4 hours at 30◦. Then
cells were washed twice, counted, and plated in YPAD at the
concentration of 200 cells per plate. Plates were incubated at
25◦C for 5 days.
2.4. Intrachromosomal Recombination Assay. All strains
derived fromRSY6 carry the same intrachromosomal recom-
bination substrate as strain RSY6 [13]. This substrate consists
of two his3 alleles, one with a deletion at the 3′ end
and the other with a deletion at the 5′ end, which share
400 bp of homology. These two alleles are separated by
the LEU2 marker and by the plasmid DNA sequence. An
intrachromosomal recombination event between the two
his3 alleles leads to HIS3 reversion and loss of LEU2 [13]. To
determine the frequency of spontaneous intrachromosomal
recombination, single colonies were inoculated into 5ml of
SC-LEU, so that recombinants cannot grow, and incubated
at 25◦ or 30◦ for 24 hours. Thereafter, cultures were washed
twice and counted and appropriate numbers were plated
onto SC and SC-HIS plates to determine the surviving frac-
tion and the frequency of intrachromosomal recombination
events, respectively.
Intrachromosomal recombination was measured follow-
ing UV, γ-ray, and MMS exposure. For UV exposure single
colonies were inoculated into SC-LEU at 25◦C for 24 hours.
Thereafter, cells were washed, resuspended in fresh SC-
LEU for 4 hours at 30◦C. 10 mL aliquots containing 3 ×
107 cells/ml were irradiated in distilled water using a UV
source at the dose rate of 3.5 ergs/m2/sec. The same number
of cells were exposed to γ-rays using a 60Co γ-ray source at
9.1 cGy per second [30, 34]. Following irradiation, cells were
plated as described above. ForMMS exposure, single colonies
were inoculated into SC-LEU at 25◦ for 24 hours. Thereafter,
cells were washed, resuspended in 5mL of fresh SC-LEU at
the concentration of 3×106 cells/ml and exposed toMMS for
4 hours at 30◦. Then cells were washed, counted and plated
as described. At the highest MMS dose only the wild type
strain grew for one generation; at low doses all strains grew
an average of 2-3 generations.
2.5. Gene Replacement by Homologous Recombination (Gene
Targeting). The gene targeting events were determined in the
RSY12 strain and its derivatives Y50-12, AGY38, and AGY39
which carry the complete deletion of the URA3 gene [17].
The EcoRI-HindIII fragment from plasmid pJZ102 carrying
the LYS2 gene disrupted by URA3 insertion was transformed
in all the RSY12 derivative strains as previously described
[16]. Transformants were selected on SC-URA plates and,
then, replicated in SC-LYS medium. The frequency of
homologous gene replacement was calculated as number
of total URA3+lys2− colonies ×10−4 transformed cells per
μg DNA. The number of transformed cells per μg DNA
was determined using the episomal plasmid YEplac195 as
previously described [16]
2.6. Data Comparison and Statistical Analysis. Results were
statistically analysed using the Student’s t-test. Probabilities
are shown as ∗P < .05, ∗∗P < .01, ∗∗∗P < .001. The rate
of DNA damage-induced recombination was extraplotated
as follows: for each strain, we measured the number of
recombination events induced for a range of increasing
dosages in single experiment. From one experiment, we fitted
the best-fit line to the data and took the slope of this line as
the rate of induction. We used a student’s t test to compare
between individually extrapolated rate of induction values
between strains (for the same DNA damaging agent).
3. Results
3.1. Epistatic Interaction between mag1, rad50, and pol3 for
MMS Sensitivity. The main lesionMMS produced in DNA is
methylation, primarily producing 3-methyladenine (3MeA).
3MeA is mainly repaired by base excision repair (BER), but
some lesions can be converted to DSBs which are repaired by
nonhomologous end joining or homologous recombination
[35–38]. It has previously been shown that pol3 mutant
cells are sensitive to MMS which is taken as evidence for
involvement of DNA polymerase δ in the base excision repair
pathway [6].
The 3MeA DNA glycosylase, encoded by theMAG1 gene,
has been shown to be very important for 3MeA removal
from DNA [39, 40]. The pol3-t mutant is sensitive to the 2
alkylating agent MMS as reported for other pol3 mutants
[6, 14]. The deletion of the RAD50 gene also confers high
sensitivity to MMS [41]. In the present study, we determined
the epistasis of the MMS sensitivity of the pol3-t mutant 3
with the base excision repair mutation mag1 and the double
strand break repair gene rad50. Previously, it has been shown
that themag1Δ and the rad50Δmutations show a synergistic
interaction with respect to MMS sensitivity implying that
MAG1 and RAD50 act in distinct repair pathways [41]. Here
the pol3-t mutant was more sensitive to MMS than wild
type (Figure 1), and the double mutant mag1 Δpol3-t was
more sensitive to MMS than each single mutant indicating
that MAG1 and POL3 belong to different repair pathways
(Figure 1(a)).
The rad50Δ mutant is very sensitive to MMS
(Figure 1(a)). Moreover, the double mutant rad50Δpol3-t
showed the same sensitivity to MMS as the rad50Δ single
mutant. This suggests that RAD50 and POL3 may belong to
the same pathway for repairing MMS-induced lesions.
3.2. The Hyperrecombination Phenotype of pol3-t Is Abolished
by Mutation of RAD50. We previously have shown that the
pol3-t mutation causes a hyperrecombination phenotype in
yeast that is partially dependent on RAD52 and RAD1 [14].
This suggests that replication slippage or a single-strand
annealing pathway that is RAD52 and RAD1 independent
could be responsible for the hyperrecombination phenotype
[14]. The RAD50 gene product is involved in DNA repli-
cation slippage between distant repeats [11, 42]. Moreover,
the deletion of the RAD50 gene in the pol3-t background
decreases the frequency of excision of Tn5 [10]. To investigate
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Table 2: Effect of RAD50 on the hyperrecombination phenotype of pol3-t.
Strain Genotype Intrachromosomal recombination (×10−4)
25◦C 30◦C
RSY6 RAD, POL3 2.49 ± 1.55 2.70 ± 0.89
AGY30 RAD, pol3-1 36.8 ± 12.66∗∗∗ 86.52 ± 10.57∗∗∗
YR50-1 rad50Δ, POL3 1.92 ± 0.67 1.53 ± 0.96
AGY34 rad50Δ, pol3-t 2.72 ± 1.02 1.86 ± 1.07
Single colonies of each strain were inoculated in SC-LEU and incubated for 24 hour at 25◦ or 30◦C. Then, cells were washed and plated to determine the
frequency of intrachromosomal recombination as described in the Materials and Methods. Results are the mean of 6 independent experiments ± standard
deviation. ∗∗∗P < .001.
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Figure 1: Epistasis interaction between mag1Δ and pol3-t (a); and rad50Δ and pol3-t (b). All strains were isogenic to RSY6. Single colonies
of each strain were pregrown at 25◦C for 24 hours and exposed to MMS for 4 hours at 30◦C as reported in the materials and methods. Data
are reported as the mean of six or more independent experiments ± standard deviation.
the effect of rad50 on pol3-t-mediated recombination, we
constructed the haploid strain AGY34 which contains an
intrachromosomal recombination substrate (see materials
and methods). The pol3-t mutation confers a temperature-
sensitive phenotype and growth arrest at 37◦C; therefore
we measured the effect of the rad50 deletion mutation after
growth at 25◦C and 30◦C [10]. Single colonies of RSY6,
AGY30, YR50-1, and AGY34 were inoculated into SC-LEU
medium for 24 hours at 25◦C and 30◦C. During this period
RSY6 (wild type) and YR50-1 (rad50Δ) underwent 4 to 5 cell
divisions at both temperatures. AGY30 (pol3-t) and AGY34
(rad50Δpol3-t) underwent 3 cell divisions at 25◦C and 2 cell
divisions at 30◦C. In the pol3-t strain, intrachromosomal
recombination increased 14-fold at 25◦C and 32-fold at
30◦C confirming that pol3-t confers a hyperrecombination
phenotype (Table 2, [14]). In the rad50Δ background strain,
the pol3-t mutation did not increase intrachromosomal
recombination at either 25◦C or 30◦C (Table 2) demonstrat-
ing that the rad50 deletion completely abolished the pol3-t-
mediated hyperrecombination phenotype.
3.3. The Elevated Frequency of Gene Replacement by Homolo-
gous Recombination of pol3-t Mutant Is Not RAD50 Depen-
dent. Integration of linear DNA fragment by homologous
recombination into a chromosomal gene is thought to
occur by two independent strand invasion events leading to
the replacement of the chromosomal target with the DNA
fragment [43, 44]. The homologous integration is reduced in
the rad1, rad51, rad52, and rad57 deletion mutant while it
is unaffected in the rad50 [16]. We, therefore, measured the
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Table 3: Effect of pol3-t on homologous integration in Saccha-
romyces cerevisiae. Homologous gene targeting was measured by
transformation of the plasmid pJZ102 digested with EcoRI-HindIII
to release a URA3 fragment that was flanked by the 5
′
and 3
′
ends
of LYS2 gene. OnlyURA3lys2 colonies were counted as homologous
integrants. In parentheses, the total URA3lys2 colonies counted
are reported. Data are reported as mean of at least 6 independent
experiments ± standard deviation.
Strain
Integration events/μg DNA per 104
transformed cells
RSY12 (POL3RAD50) 263.9 ± 79.3 (4310)
AGY38 (pol3-t) 2936.8 ± 769.8 (22247)∗∗∗(a)
YR50-12 (rad50Δ) 434.6 ± 104.1 (7196)
AGY3 (rad50Δpol3-t) 2780.4 ± 445.5 (17416)∗∗∗(a)(b)
∗∗∗P < .005
(a)Data were statistically compared to RSY12
(b)Data were statistically compared to rad50Δ.
homologous integration in the pol3-t and in the rad50Δpol3-
t mutant. The RSY12, AGY38, AGY39, and Y50-12 strains
were transformed with the URA3 fragment flanked by lys2
sequence. As an homologous integration event leads to the
replacement of chromosomal LYS2 gene with the URA3
fragment, the frequency of homologous integration was
determined as number of URA3+lys 2− colonies ×10−4
transformed cells per μg DNA.
In the pol3-t mutant, the frequency of homologous
integration increased 11-fold as compared to the wild
type (Table 3). In the double mutant rad50Δpol3-t, the
frequency has increased 10.5-fold as compared to the wild
type indicating that the elevated level of integration is not
RAD50 dependent (Table 3). As previously reported, the
rad50Δmutation did not affect the frequency of homologous
integration as compared to the wild type (Table 3).
3.4. Effect of rad50 Deletion on MMS, UV, and γ-Ray Induced
Intrachromosomal Recombination in the pol3-t Strain. MMS,
UV, and γ-rays induced intrachromosomal recombination
in the pol3-t mutant [14] (Tables 4, 5, and 6). To further
characterize the pol3-t phenotype, we looked at whether the
RAD50 deletion could also suppress mutagen-induced intra-
chromosomal recombination events in the pol3-t mutant.
Single colonies of both YR50-1 (rad50Δ) and AGY34
(rad50Δpol3-t) strains were grown at 25◦C for 17 hours and
then incubated at 30◦C for 4 hours before MMS, UV, and
γ-ray exposure after which survival and intrachromosomal
events were scored for a range of doses of each mutagen.
The rate of intrachromosomal recombination induction with
dose for each experiment was found by linear regression;
comparison of the induction rate between strains was made
using student’s t-test. To see if pol3-t strains are defective
in DNA damage-induced intrachromosomal recombination,
we compared the rate of recombination induction among
strains. Then, we measured the number of recombination
events induced for a range of increasing dosages in single
experiment. From one experiment, we fitted the best-fit line
to the data and took the slope of this line as the rate of
Table 4: Effect of pol3-t on MMS-induced intrachromosomal
recombination in RAD + and rad50 Δ strains. Data corresponding
to RSY6 and AGY30 were previously published [14]. Results are
reported as the mean of five or more independent experiments ±
standard deviation. All strains are isogenic. The probabilities refer
to the comparison between the exposure and the untreated control.
Strain
MMS
% Survival
Intrachromosomal
recombination
(μg/ml) (×10−4)
RSY6 (POL3 RAD50)
0 100 4.3 ± 1.0
10 89 ± 15 9.3 ± 1.5∗∗
100 92 ± 8 39 ± 6.6∗∗∗
200 89 ± 15 51 ± 14∗∗
500 48 ± 19 102 ± 25∗∗∗
AGY30 (pol3-t)
0 100 17 ± 4.6
10 100 ± 0.5 14 ± 8.4
100 90 ± 0.5 30 ± 4.9∗
200 45 ± 1.5 60 ± 28∗∗
500 0.8 ± 0.6 117 ± 2.8∗∗∗
YR50-1 (rad50Δ)
0 100 1.8 ± 0.6
1 66 ± 11 1.6 ± 0.5
10 54 ± 16 2.4 ± 0.8
50 19 ± 2.8 2.3 ± 0.2
100 3.9 ± 0.5 3.6 ± 0.6∗∗
200 0.4 ± 0.2 4.2 ± 0.8∗∗∗
AGY34 (rad50Δpol3-t)
0 100 1.8 ± 0.2
1 84 ± 22 1.7 ± 0.1
10 58 ± 14 1.7 ± 0.6
50 37 ± 8.5 2.2 ± 0.4
100 7.2 ± 2 3.5 ± 0.1∗∗∗
200 0.8 ± 0.7 12.8 ± 1.9∗∗∗
∗P < .05, ∗∗P < .01, ∗∗∗P < .001.
induction. Each experiment was done in at least triplicate,
and thus, for each mutagen and each strain there are at least
three separate measures of the rate of induction with dose.
Survival and intrachromosomal recombination events
were measured in wild type and pol3-t strains to 0, 10, 100,
200, and 500 μg/mL MMS and in rad50Δ and rad50Δpol3-
t strains to 0, 1, 10, 50, 100, and 200 μg/mL. 10 μg/mL
MMS induced a significant increase of intrachromosomal
recombination in the wild type but none in each of the
mutants (Table 4). Yet 100 μg/ml MMS was the lowest dose
used that significantly increased intrachromosomal recombi-
nation in each of the strains. The rate of intrachromosomal
recombination induction was 19.3 ± 1.9 (×10−2 per μg/mL
MMS) in the wild type and 20.1 ± 1.3 (×10−2 per μg/mL
MMS) in the pol3-t. The rad50Δ mutation resulted in a
significantly lower induction rates of 1.3 ± 0.3 (×10−2 per
μg/mL MMS) (P < .005) and was partially restored to the
wild type level in the double mutant rad50Δpol3-t with 5.0
± 1.1 (×10−2 per μg/mL MMS) (P < .005 when compared
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Table 5: Effect of pol3-t on UV-induced intrachromosomal recom-
bination in RAD + and rad50Δ strains.
Strain
UV
% survival
Intrachromosomal
Recombination
(J/m2) (×10−4)
RSY6 (POL3 RAD50)
0 100 6.2 ± 1.4
5 77 ± 15 8.4 ± 1.9
10 62 ± 23 10 ± 2.9
100 41 ± 8.7 20 ± 6.2∗
500 27 ± 8.3 28 ± 5.6∗∗
AGY30 (pol3-t)
0 100 14 ± 1.7
5 69 ± 14 17 ± 3.4
10 69 ± 11 13 ± 2.0
100 57 ± 13 25 ± 6∗
500 39 ± 3.5 22 ± 3∗
YR50-1 (rad50Δ)
0 100 1.2 ± 0.6
5 68 ± 11 1.7 ± 0.6
10 48 ± 28 1.5 ± 0.8
100 39 ± 19 2.5 ± 1.5
200 35 ± 17 1.3 ± 0.7
500 16 ± 9 2.6 ± 0.2∗∗
AGY34 (rad50Δpol3-t)
0 100 1.9 ± 0.8
5 70 ± 10 2.0 ± 0.7
10 71 ± 22 2.3 ± 0.9
100 62 ± 17 4.3 ± 1.5∗
200 34 ± 9 4.5 ± 0.7∗∗
500 26 ± 12 4.8 ± 1.1∗∗
See legend to Table 4.
to rad50Δ). This suggests that RAD50 is required for MMS-
induced intrachromosomal recombination more so in the
wild type than in the pol3-t mutant background.
UV exposure also induced an increase in intrachro-
mosomal recombination in each of the strains. A fluence
of 100 J/m2 induced a significant increase in each of the
strains except the rad50Δ mutant for which a significant
increase was not observed below 500 J/m2 (Table 5). The
intrachromosomal recombination induction rate was 42.1
± 5.5 (×10−3 per J/m2 UV) in the wild type and 17.3 ±
3.9 (×10−3 per J/m2 UV) in the pol3-t strain. This rate
was significantly lower in both the rad50Δ and rad50Δpol3-
t strains which exhibited induction rates of 2.1 ± 0.4 and
3.8 ± 1.0 (×10−3 per J/m2 UV), respectively (P < .005 for
both compared to wild type and pol3-t). This suggests that
rad50 had a reducing effect in the POL3 as well as in the pol3-
t mutant to UV-induced intrachromosomal recombination
events (Table 5).
The rad50Δ and the rad50Δpol3-t strains are much more
sensitive to γ-rays than the wild type and the pol3- t
single mutant strains, respectively, yet little difference in γ-
ray sensitivity was found among the rad50Δ and rad50Δpol3-
t strains (Table 6). The rad50Δ phenotypic sensitivity to
ionizing radiation is severe; the dose corresponding to 5%–
10% survival, 50Gy, is approximately 20x less than an
equitoxic dose in the wild type and pol3-t strains. Because
rad50Δ and rad50Δpol3-t strains exhibit extremely low sur-
vival to γ-rays at doses >50Gy, the rate of intrachromosomal
recombination from 0 and 50Gy was compared between
each of the four strains, a dose range at which recombination
was found to sharply increase with dose. Within this dose
range, the rate of intrachromosomal recombination in each
of the strains was as follows: 79.3 ± 35.5 (×10−3 per Gy)
in wild type, 101.6 ± 46.9 (×10−3 per Gy) in pol3- t
69.5 ± 20.1 (×10−3per Gy) in rad50Δ, and 77.8 ± 22.6
(×10−3 per Gy) in the rad50Δpol3-t double mutant. Thus
between the range 0–50Gy, all strains exhibited a similar
rate of intrachromosomal recombination. The pol3-t toxicity
to ionizing radiation is similar to wild-type, and thus the
rate of γ-ray-induced recombination was compared between
these strains between 50 and 1000Gy, a range at which
recombination is induced at a lower rate (Table 6). Here, the
pol3-t strain showed a trend of a lower induction rate than
that of wild type: 19.8 ± 4.3 versus 35.6 ± 13.2 (×10−3 per
Gy) (P = .06).
4. Discussion
We found that pol3-t was synergistic with mag1 for MMS
toxicity but epistatic with rad50. This suggests that POL3
may participate in the RAD50 pathway for repair of MMS
damage. RAD50 is involved in processing the ends of a DSB
[18]. The mechanism by which theMMS-induced lesions are
converted to DSBs is not completely understood except that
DSB repair-deficient mutants are also sensitive to MMS. In
theory, it is possible that MMS damaged sites are converted
into DSBs, and POL3 is involved in their repair even though
there is no published evidence for that. However, in our
experiments the pol3-t mutant was not more sensitive to
ionizing radiation that causes DSBs arguing against POL3
involvement in DSB repair.
Recently, it has been shown that MMS does not induce
DSBs in both yeast and mammalian cells [45]. The number
of alkylated sites converted to single-strand breaks and DSBs,
however, could be too few to be detected by their assay, but
enough to require the involvement of the DSB repair path-
way. The authors also suggested that the alkylation damage
may stall the replication fork leading to the formation of a
chicken foot structure which resembles a Holliday junction
[45]. This may explain the reason why the DSB repair
mutants that are also deficient in recombination are sensitive
to MMS [45]. This would imply some involvement of
RAD50 in resolution of stalled replication forks, which may
involve recombination [21, 22]. In fact, the gene products
46/47, the bacteriophage T4 homologs of Mre11/Rad50,
are required for recombination-induced replication [23–25].
Furthermore, theMre11 complex colocalizes with replication
forks [46]. In this scenario, both POL3 as well as RAD50may
be involved in replication on the MMS-damaged template
explaining their epistasis for MMS sensitivity.
We also found that the elevated level of intrachromo-
somal deletion recombination events in the pol3-t mutant
is dependent on the RAD50 gene. The RAD50 protein is
Journal of Biomedicine and Biotechnology 7
Table 6: Effect of pol3-t on γ-ray-induced intrachromosomal
recombination in RAD + and rad50Δ strains.
Strain
γ-Rays
(Gy)
% survival
Intrachromosomal
Recombination
(×10−4)
RSY6 (POL3 RAD50)
0 100 2.4 ± 0.1
50 65 ± 2.5 6.2 ± 0.9∗∗
500 29 ± 4.6 18 ± 2.3∗∗∗
1000 5 ± 2.4 39 ± 7.1∗∗∗
AGY30 (pol3-t)
0 100 8.3 ± 0.5
50 60 ± 11 12 ± 1.5∗
500 14 ± 2.5 23 ± 6.5∗
1000 3.8 ± 2.3 31 ± 9.7∗
YR50-1 (rad50Δ)
0 100 1.8 ± 0.24
1 71 ± 13 2.9 ± 0.37∗∗
10 46 ± 0.8 3.9 ± 0.38∗∗
50 11 ± 2.5 5.7 ± 1.5∗∗∗
AGY34 (rad50Δpol3-t)
0 100 1.1 ± 0.16
1 69 ± 16 3.1 ± 0.97∗∗
10 35 ± 12 5.1 ± 2.51∗∗
50 5 ± 0.7 6.1 ± 0.8∗∗∗
See legend to Table 4.
part of a complex that plays a major role in processing of
DNA DSB ends [47]; therefore DNA DSB processing may be
necessary for conferring the hyperrecombination phenotype
of pol3-t. On the other hand, as discussed above for
MMS toxicity, RAD50 may be involved in recombinational
resolution of replication forks stalled by DNA damage. In the
presence of the pol3-t mutation, when replication is stalled at
the restrictive temperature, such recombinational resolution
may become important. We have previously shown that pol3-
t causes a hyperrecombination phenotype dependent upon
DNA replication [14]. If the second copy of the HIS3 repeat
is accidentally used as template for such resolution rather
than the copy at which replication has stalled, the pol3-t-
caused hyperrecombination phenotype may be mediated by
RAD50. In a similar way for the involvement of RAD50 in the
pol3-t-mediated replication slippage at direct repeats within
LYS2 a possible replication function of RAD50 has been
proposed, rather than DSBs being involved in the slippage
events [11]. We, indeed, found that the elevated frequency
of homologous integration conferred by the pol3-t mutation
was not affected by RAD50. This may indicate that the slow
replication rate of the pol3-t mutant may favor homologous
recombination events between the chromosomal DNA and
an exogenous DNA fragment. Moreover, RAD50 that is
primarly involved in DSB processing did not affect this
phenotype.
We found that the rad50 mutant is almost completely
deficient in MMS, and UV-induced recombination but no
difference was observed in γ-rays-induced recombination.
It has also previously been found that RAD50 is involved
in MMS but not UV-induced recombination between
homologs in a diploid [48]. We have previously shown
that intrachromosomal recombination between repeats is
induced by site specific DSBs in G1, G2, and dividing cells
[34]. A site-specific single strand break, however, induced
recombination only in dividing but not in G1 or G2
arrested cells [34]. In a similar fashion, MMS, EMS, 4-
NQO, and most but not all ionizing radiation-induced DNA
damage were dependent on DNA replication for induction
of intrachromosomal recombination [49]. This indicates that
either replication turns the various DNA damages into DSBs,
which then induces intrachromosomal recombination by
single-strand annealing, or that recombination is induced by
resolution of DNA-damaged replication forks as mentioned
above. The latter explanation would be in agreement with
RAD50 being involved in DNA damage-induced resolution
of stalled replication forks since most of the damage-
induced recombination was RAD50-dependent similar to
pol3-t induced recombination. At greater levels of DNA
damage some DSBs may be formed accounting for the low
level of recombination induction in the rad50mutant.
Interestingly, no difference was observed in γ-ray-
induced recombination events. In the wild type the rate of
γ-ray-induced recombination was observed to be biphasic
with the number of events increasing sharply between 0 and
50Gy, and at doses beyond 50Gy the rate of recombination
was substantially lower. Because the rad50Δmutation is extra
sensitive to ionizing radiation, the rate of recombination
events was not scored at doses above 50Gy. Between 0 and
50Gy neither rad50Δ nor pol3-t mutations had an effect
on the rate of γ-ray-induced recombination. It is possible
that rad50Δ is involved in a second phase of γ-ray induced
recombination at doses above 50Gy or that the types of
damage primarily produced by ionizing radiation are not
repaired though the RAD50 pathway. Either of such would
explain why no difference in rate of intrachromosomal
recombination was observed between 0 and 50Gy.
In summary, it is unlikely that POL3 is only involved
in base excision repair. Furthermore, the epistasis for MMS
sensitivity and the deficiency in DNA damage induced as
well as complete block in pol3-t induced intrachromosomal
recombination by rad50 is in agreement with involvement
of RAD50 in repair by recombination resolution of stalled
replication forks.
Acknowledgments
The authors wish to thank Camilla Ennas for technical assis-
tance, Tom Luby for the MAG1 mutant construction, and
Michael Resnick for plasmid p171. This work was supported
by the UCLA Center for Occupational and Environmental
Health.
References
[1] R. J. Kokoska, L. Stefanovic, J. DeMai, and T. D. Petes,
“Increased rates of genomic deletions generated by mutations
in the yeast gene encoding DNA polymerase δ or by decreases
in the cellular levels of DNA polymerase δ,” Molecular and
Cellular Biology, vol. 20, no. 20, pp. 7490–7504, 2000.
[2] M. Brooks and L. B. Dumas, “DNA primase isolated from the
8 Journal of Biomedicine and Biotechnology
yeast DNA primase-DNA polymerase complex. Immunoaffin-
ity purification and analysis of RNA primer synthesis,” The
Journal of Biological Chemistry, vol. 264, no. 6, pp. 3602–3610,
1989.
[3] V. N. Podust and U. Hubscher, “Lagging strand DNA synthesis
by calf thymus DNA polymerases α, β, δ and ε in the presence
of auxiliary proteins,”Nucleic Acids Research, vol. 21, no. 4, pp.
841–846, 1993.
[4] P. M. J. Burgers, “Saccharomyces cerevisiae replication factor C.
II. Formation and activity of complexes with the proliferating
cell nuclear antigen and with DNA polymerases δ and ε,” The
Journal of Biological Chemistry, vol. 266, no. 33, pp. 22698–
22706, 1991.
[5] M. E. Budd and J. L. Campbell, “DNA polymerases required
for repair of UV-induced damage in Saccharomyces cerevisiae,”
Molecular and Cellular Biology, vol. 15, no. 4, pp. 2173–2179,
1995.
[6] A. Blank, B. Kim, and L. A. Loeb, “DNA polymerase δ is
required for base excision repair of DNA methylation dam-
age in Saccharomyces cerevisiae,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 91, no.
19, pp. 9047–9051, 1994.
[7] Z. Wang, X. Wu, and E. C. Friedberg, “DNA repair synthesis
during base excision repair in vitro is catalyzed by DNA
polymerase ε and is influenced by DNA polymerases α and
δ in Saccharomyces cerevisiae,” Molecular and Cellular Biology,
vol. 13, no. 2, pp. 1051–1058, 1993.
[8] C. A. Torres-Ramos, S. Prakash, and L. Prakash, “Requirement
of yeast DNA polymerase δ in post-replicational repair of UV-
damaged DNA,” The Journal of Biological Chemistry, vol. 272,
no. 41, pp. 25445–25448, 1997.
[9] H. T. Tran, D. A. Gordenin, and M. A. Resnick, “The 3′ → 5′
exonucleases of DNa polymerases δ and ε and the 5′ → 3′
exonuclease exo1 have major roles in postreplicationmutation
avoidance in Saccharomyces cerevisiae,”Molecular and Cellular
Biology, vol. 19, no. 3, pp. 2000–2007, 1999.
[10] D. A. Gordenin, A. L.Malkova, A. Peterzen, et al., “Transposon
Tn5 excision in yeast: influence of DNA polymerases α, δ, and
ε and repair genes,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 89, no. 9, pp. 3785–
3789, 1992.
[11] H. T. Tran, N. P. Degtyareva, N. N. Koloteva, et al., “Replica-
tion slippage between distant short repeats in Saccharomyces
cerevisiae depends on the direction of replication and the
RAD50 and RAD52 genes,”Molecular and Cellular Biology, vol.
15, no. 10, pp. 5607–5617, 1995.
[12] D. A. Gordenin and M. A. Resnick, “Yeast ARMs (DNA at-risk
motifs) can reveal sources of genome instability,” Mutation
Research, vol. 400, no. 1-2, pp. 45–58, 1998.
[13] R. H. Schiestl, S. Igarashi, and P. J. Hastings, “Analysis of the
mechanism for reversion of a disrupted gene,” Genetics, vol.
119, no. 2, pp. 237–247, 1988.
[14] A. Galli, T. Cervelli, and R. H. Schiestl, “Characterization of
the hyperrecombination phenotype of the pol3-t mutation of
Saccharomyces cerevisiae,” Genetics, vol. 164, no. 1, pp. 65–79,
2003.
[15] C. Y. Chan, A. Galli, and R. H. Schiestl, “Pol3 is involved
in nonhomologous end-joining in Saccharomyces cerevisiae,”
DNA Repair, vol. 7, no. 9, pp. 1531–1541, 2008.
[16] R. H. Schiestl, J. Zhu, and T. D. Petes, “Effect of mutations
in genes affecting homologous recombination on restriction
enzyme-mediated and illegitimate recombination in Saccha-
romyces cerevisiae,”Molecular and Cellular Biology, vol. 14, no.
7, pp. 4493–4500, 1994.
[17] R. H. Schiestl and T. D. Petes, “Integration of DNA fragments
by illegitimate recombination in Saccharomyces cerevisiae,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 88, no. 17, pp. 7585–7589, 1991.
[18] B. O. Krogh and L. S. Symington, “Recombination proteins in
yeast,” Annual Review of Genetics, vol. 38, pp. 233–271, 2004.
[19] N. Assenmacher and K.-P. Hopfner, “MRE11/RAD50/NBS1:
complex activities,” Chromosoma, vol. 113, no. 4, pp. 157–166,
2004.
[20] D. A. Bressan, B. K. Baxter, and J. H. J. Petrini, “The
Mre11-Rad50-Xrs2 protein complex facilitates homologous
recombination-based double-strand break repair in Saccha-
romyces cerevisiae,”Molecular and Cellular Biology, vol. 19, no.
11, pp. 7681–7687, 1999.
[21] A. Kuzminov, “DNA replication meets genetic exchange:
chromosomal damage and its repair by homologous recombi-
nation,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 98, no. 15, pp. 8461–8468, 2001.
[22] B.Michel,M.-J. Flores, E. Viguera, G. Grompone,M. Seigneur,
and V. Bidnenko, “Rescue of arrested replication forks by
homologous recombination,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 98, no.
15, pp. 8181–8188, 2001.
[23] J. S. Bleuit, H. Xu, Y. Ma, T. Wang, J. Liu, and S. W. Morri-
cal, “Mediator proteins orchestrate enzyme-ssDNA assembly
during T4 recombination-dependent DNA replication and
repair,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 98, no. 15, pp. 8298–8305, 2001.
[24] J. W. George, B. A. Stohr, D. J. Tomso, and K. N. Kreuzer, “The
tight linkage between DNA replication and double-strand
break repair in bacteriophage T4,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 98, no.
15, pp. 8290–8297, 2001.
[25] K. N. Kreuzer, “Recombination-dependent DNA replication
in phage T4,” Trends in Biochemical Sciences, vol. 25, no. 4, pp.
165–173, 2000.
[26] J. E. Haber, G. Ira, A. Malkova, and N. Sugawara, “Repairing
a double-strand chromosome break by homologous recom-
bination: revisiting Robin Holliday’s model,” Philosophical
Transactions of the Royal Society B, vol. 359, no. 1441, pp. 79–
86, 2004.
[27] A. Aguilera and H. L. Klein, “Genetic control of intra-
chromosomal recombination in Saccharomyces cerevisiae. I.
Isolation and genetic characterization of hyper-recombination
mutations,” Genetics, vol. 119, no. 4, pp. 779–790, 1988.
[28] H. L. Klein, “Genetic control of intrachromosomal recombi-
nation,” BioEssays, vol. 17, no. 2, pp. 147–159, 1995.
[29] A. Belmaaza and P. Chartrand, “One-sided invasion events in
homologous recombination at double-strand breaks,” Muta-
tion Research, vol. 314, no. 3, pp. 199–208, 1994.
[30] A. Galli and R. H. Schiestl, “On the mechanism of UV and
γ-ray induced intrachromosomal recomhination in yeast cells
synchronized in different stages of the cell cycle,” Molecular
and General Genetics, vol. 248, no. 3, pp. 301–310, 1995.
[31] J. E. Haber, “Exploring the pathways of homologous recom-
bination,” Current Opinion in Cell Biology, vol. 4, no. 3, pp.
401–412, 1992.
[32] R. D. Gietz, R. H. Schiestl, A. R. Willems, and R. A. Woods,
“Studies on the transformation of intact yeast cells by the
LiAc/SS-DNA/PEG procedure,” Yeast, vol. 11, no. 4, pp. 355–
360, 1995.
[33] R. J. Kokoska, L. Stefanovic, H. T. Tran, M. A. Resnick, D. A.
Gordenin, and T. D. Petes, “Destabilization of yeast micro- and
minisatellite DNA sequences by mutations affecting a nuclease
Journal of Biomedicine and Biotechnology 9
involved in Okazaki fragment processing (rad27) and DNA
polymerase δ (pol3-t),”Molecular and Cellular Biology, vol. 18,
no. 5, pp. 2779–2788, 1998.
[34] A. Galli and R. H. Schiestl, “Effects of DNA double-strand
and single-strand breaks on intrachromosomal recombination
events in cell-cycle-arrested yeast cells,” Genetics, vol. 149, no.
3, pp. 1235–1250, 1998.
[35] D. T. Beranek, “Distribution of methyl and ethyl adducts
following alkylation with monofunctional alkylating agents,”
Mutation Research, vol. 231, no. 1, pp. 11–30, 1990.
[36] E. Chlebowicz andW. J. Jachymczyk, “Repair of MMS induced
DNA double strand breaks in haploid cells of Saccharomyces
cerevisiae, which requires the presence of a duplicate genome,”
Molecular and General Genetics, vol. 167, no. 3, pp. 279–286,
1979.
[37] M. Kupiec, “Damage-induced recombination in the yeast
Saccharomyces cerevisiae,” Mutation Research, vol. 451, no. 1-
2, pp. 91–105, 2000.
[38] L. K. Lewis and M. A. Resnick, “Tying up loose ends: nonho-
mologous end-joining in Saccharomyces cerevisiae,” Mutation
Research, vol. 451, no. 1-2, pp. 71–89, 2000.
[39] J. Chen, B. Derfler, and L. Samson, “Saccharomyces cerevisiae
3-methyladenine DNA glycosylase has homology to the AlkA
glycosylase of E. coli and is induced in response to DNA
alkylation damage,” The EMBO Journal, vol. 9, no. 13, pp.
4569–4575, 1990.
[40] J. Chen, B. Derfler, A. Maskati, and L. Samson, “Cloning a
eukaryotic DNA glycosylase repair gene by the suppression
of a DNA repair defect in Escherichia coli,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 86, no. 20, pp. 7961–7965, 1989.
[41] W. Xiao, B. L. Chow, and L. Rathgeber, “The repair of DNA
methylation damage in Saccharomyces cerevisiae,” Current
Genetics, vol. 30, no. 6, pp. 461–468, 1996.
[42] E. L. Ivanov, N. Sugawara, J. Fishman-Lobell, and J. E.
Haber, “Genetic requirements for the single-strand annealing
pathway of double-strand break repair in Saccharomyces
cerevisiae,” Genetics, vol. 142, no. 3, pp. 693–704, 1996.
[43] P. J. Hastings, C. McGill, B. Shafer, and J. N. Strathern, “Ends-
in vs. ends-out recombination in yeast,” Genetics, vol. 135, no.
4, pp. 973–980, 1993.
[44] L. D. Langston and L. S. Symington, “Gene targeting in yeast
is initiated by two independent strand invasions,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 101, no. 43, pp. 15392–15397, 2004.
[45] C. Lundin, M. North, K. Erixon, et al., “Methyl methane-
sulfonate (MMS) produces heat-labile DNA damage but no
detectable in vivo DNA double-strand breaks,” Nucleic Acids
Research, vol. 33, no. 12, pp. 3799–3811, 2005.
[46] O. K. Mirzoeva and J. H. J. Petrini, “DNA damage-dependent
nuclear dynamics of the Mre11 complex,” Molecular and
Cellular Biology, vol. 21, no. 1, pp. 281–288, 2001.
[47] F. Paˆques and J. E. Haber, “Multiple pathways of recom-
bination induced by double-strand breaks in Saccharomyces
cerevisiae,” Microbiology and Molecular Biology Reviews, vol.
63, no. 2, pp. 349–404, 1999.
[48] Y. Tomizawa, A. Ui, F. Onoda, et al., “Rad50 is involved in
MMS-induced recombination between homologous chromo-
somes in mitotic cells,” Genes and Genetic Systems, vol. 82, no.
2, pp. 157–160, 2007.
[49] A. Galli and R. H. Schiestl, “Cell division transforms muta-
genic lesions into deletion-recombinagenic lesions in yeast
cells,”Mutation Research, vol. 429, no. 1, pp. 13–26, 1999.
Composition Comments
1. We made the highlighted change. Please check other
highlighted changes througout.
2. We made the highlighted change in the caption of
Figure 1. Please check.
3. We made changes in Figure 1. Please check.
Author(s) Name(s)
?? ?? ???? ? ??????? ?? ??????? ??? ????????? ????? ??? ???? ????? ?? ????? ?? ?? ?????????
????????? ?? ??? ??????? ?? ???? ?? ?? ??? ???????? ??????????
Author 1
???? ????? ?????
????? ????? ??????
Author 2
???? ????? ?????
????? ????? ????
Author 3
???? ????? ????????
????? ????? ???????
Author 4
???? ????? ????????
????? ????? ?????? ??
